Background/Aims: Chronic Lymphocytic leukemia (CLL) is characterized by accumulation of cells in the G0/G1 phase of the cell cycle and resistance to apoptosis due to gene mutation or abnormal gene expression. In our previous study, constitutively photomorphogenic 1 (COP1) was shown to be upregulated in Binet C-phase CLL patients. Based on the negative regulation of COP1 in the repair of DNA damage, we further studied the function of COP1 in CLL cell apoptosis induced by fludarabine in vitro and in vivo. Methods: We analyzed the sensitivity of primary CLL cells to the fludarabine by CCK-8, and detected the expression of p53 in cells after drug treatment by western blot. Next, we constructed COP1 overexrpessing CLL cell line HG3, and analyzed the effect of COP1 overexpression on the HG3 cell's apoptosis, and HG3 transplant mice survival with drug treatment. Results: Here, we found that primary CLL cells with high expression of COP1 showed low sensitivity to the drug and presented delayed enrichment of p53 protein than cells with low COP1 expressed. COP1 overexpression reduced HG3 cell sensitivity to the fludarabine treatment and inhibited cell apoptosis, and also retarded itself via autoubiquitination. The further study showed that COP1 promoted ubiquitindependent p53 degradation, which further disrupts the formation of the p53-Brn-3a complex and activation of Bcl-2 transcription. Moreover, mice engrafted with cells overexpressing COP1 showed a shortened survival, increased tumor cells burden in spleen and bone marrow
Constitutively Photomorphogenic 1 Reduces the Sensitivity of Chronic Lymphocytic Leukemia Cells to Fludarabine Through Promotion of Ubiquitin-Mediated P53 Degradation
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Introduction
Chronic lymphocytic leukemia (CLL) is the most common form of B cell leukemia in adults and is particularly prevalent in Western countries [1] . The incidence of this disease is gradually increasing in China [2] . Gene mutation or abnormal expression is common in CLL, such as p53 inactivated in 10-15% of CLL patients [3] [4] [5] , and Bcl-2 is upregulated, leading to an elevated Bcl-2/Bax ratio which is a major factor causing accumulation of cells in the G0/ G1 phase of the cell cycle and resistance to apoptosis [6, 7] . In a previous study we showed that COP1 was upregulated in Binet C-phase CLL patients and positively correlated with ZAP-70 expression [8] . This result suggests that COP1 function may be important in CLL development.
COP1 is first defined as a central regulator of photomorphogenic development in plants [9] , and subsequently in mammals [10] . It consists of 3 functional domains: a RING-finger domain, a coiled-coil domain, and a WD40 domain which are highly conserved from plants to mammals [11] . COP1 is characterized by E3 ubiquitin ligase activity, which targets substrate for proteasome-dependent degradation and plays important roles in many biological responses in mammals [12] . P53 is a substrate of COP1, and directly interacts with the nonphosphorylated form of COP1 in the nucleus [13] . COP1 promotes p53 proteasome-mediated degradation in a ubiquitin-dependent manner and inhibits p53-dependent transcription and apoptosis. In response to DNA damage, ATM phosphorylates COP1 on Ser387 and stimulates a rapid auto-degradation mechanism [14, 15] . ATM induces the translocation of COP1 from the nucleus to the cytoplasm, and disrupts the COP1-p53 complex resulting in abrogation of ubiquitination and degradation of p53 [14] . P53 is directly involved in cell cycle by regulating p21 levels, and, as a transcriptional factor, it complexes with Brn-3a at the Bcl-2 promoter site to control Bcl-2 expression, which regulates apoptosis [16, 17] .
COP1 is frequently overexpressed in breast, ovarian, hepatic and gastric cancer where it promotes tumorigenicity via inhibition of p53 activity [18] [19] [20] . COP1 targets CCAAT/ enhancer-binding protein (C/EBPa) for degradation and induces acute myeloid leukemia via Trib1 [21] . COP1 also constitutively regulates c-Jun protein stability and functions as a tumor suppressor in mice. COP1 hypomorphic mice spontaneously develop malignancies at a high frequency in the first year of life and are highly susceptible to radiation-induced lymphomagenesis [22] . Although COP1 is involved in many biological processes in solid tumor development, its role in diseases of the hematopoietic system is less known, especially in chronic lymphocytic leukemia.
In the present study, we address the mechanism of COP1-mediated CLL cell resistance to fludarabine in vitro and in vivo. We show that CLL cells overexpressing COP1 have reduced sensitivity to fludarabine, and are less susceptible to apoptosis due to increased p53 degradation and disrupted formation of the p53-Brn-3a complex, which promotes Bcl-2 transcription and expression. Moreover, mice transplanted with CLL cells overexpressing COP1 and treated with F+C show higher tumor burden, less apoptosis in spleen and BM, and shortened survival when compared to mice with CLL cells overexpressing GFP. These results suggest that COP1 is a negative regulator in CLL apoptosis under a fludarabine treatment regimen.
fusion lentivirus to obtain the HG3-mCherry stable line, and then infected a second time with pWXLD-GFP and pWXLD-GFP-COP1 lentivirus, to derive the HG3-m-GFP and HG3-m-COP1 cell lines.
COP1 antibody was purchased from Bethyl Laboratories. Inc (Montgomery, AL, USA). Brn-3a was purchased from Santa Cruz (Santa Cruz, CA, USA), cleaved-caspase 3 was purchased from Abcam (Cambridge, MA, UK), p53 and Ub antibodies were purchased from Cell Signaling Technology (Danvers, MA, USA), β-actin, flag antibody, Goat anti-Rabbit IgG, Rabbit anti-Mouse IgG and MG-132 were obtained from Sigma (SigmaAldrich, St. Louis, MO, USA). Fludarabine and Cyclophosphamide were purchased from Cayman (Michigan, USA). CCK-8 and Annexin V/7-AAD kit was from ebioscience (San Diego, CA, USA)). D-firefly luciferin (St.
Louis, MO, USA). Stemspan medium and cytokine were purchased from stem cell (Stem Cell Technologies, Vancouver, BC, Canada). CCK-8 kit was purchased from Ruibo (Guangdong, China).
Patient sample CLL samples were obtained from the Affiliated Hospital of Xuzhou Medical College according to the diagnostic criteria for CLL between August 2013 and July 2017. PBMCs were isolated from heparinized blood obtained from 6 CLL patients, and total cells were cultruled in stemspan medium containing 10ng/ ml of hSCF, hIL-3 and hIL-11 with fludarabine. The cells were collected for CCK-8 detection or western blot. 
Animals

Cell proliferation and apoptosis assay
The stable cell lines HG3-GFP and HG3-COP1 were grown in 96-well plates. 2000 cells per well were treated with different doses of fludarabine for 72 h. The cells were then incubated for 4 h with CCK-8, and the absorbance at 450 nm was determined with a microplate reader (Wellscan MK3, Labsystems Dragon, Helsinki, Finland), and the EC50 was calculated using Graphpad Prism 6.
To measure apoptosis, cells were incubated with fludarabine for 0, 6 or 12 h and then stained with Annexin V/7-AAD apoptosis kit according the manual. The degree of apoptosis was quantified by flow cytometry.
Co-immunoprecipitation and immunoblotting
Protein lysates were diluted to 1mg/ml, and incubated with primary antibody against p53 overnight at 4 ºC. The next day protein A/G-agarose suspension was added to the sample and incubated for at least 3 hours at 4 ºC on a rocking platform. The agarose-antibody-antigen complex was centrifuged (20 s at 12, 000 × g) and supernatant discarded. The beads were washed once and elution was performed with 2 × loading buffer boiled for 3 minutes. The immunoprecipitated protein was then run on SDS-PAGE gel and transferred to a 0.45 µm pore size PVDF membrane (Millipore, Billerica, MA, USA). After blocking with 5% non-fat milk, the membrane was probed with primary antibodies at 4˚C overnight and secondary antibodies at room temperature for 1 h. Bound antibodies were detected by the Pierce ECL Plus Western Blotting Substrate (Thermo Fisher Scientific) and visualized by ImageQuant LAS 4000 (GE, Fairfield, CT, USA). between the BglII and HindIII enzyme site by us. To perform the luciferase assay, COS7 cells were grown in a 12-well plate, and transduced with Renilla luciferase pRL-TK and PGL3-Basic-Bcl-2-P2, plus the empty flag vector, flag-tagged Cop1 and flag-Brn-3a plasmid. After 24 hours, cells were treated with fludarabine for 10 h. Half of the cell sample was used for western blotting, and the other half was used for a luciferase assay according to the manufacturer's protocol. The assay was performed in triplicate. Renilla luciferase activity was normalized to firefly luciferase activity for each well to normalize for cell number and transfection efficiency.
In vivo imaging
For in vivo imaging, a NightOWLIILB 983 small-animal in vivo imaging system (Berthold Technologies, Germany) was used. NPG mice were anesthetized with a 3:1 mixture of ketamine and xylazine intraperitoneally. After 5-10 min of anesthetic induction, an aqueous solution of the substrate, D-firefly luciferin, was injected into the peritoneal cavity (15 mg/ml at a dose of 150 mg/kg body weight). After 15 min, the animals were immediately placed in a chamber and imaged. We calculated the average radiance using this formula: average radiance =photons/sec/cm 2 /sr, which represents the number of photons per second that leave a square centimeter of tissue and radiate into a solid angle of one steradian (sr). Measurements in units of radiance automatically take into account camera settings and allow comparing data obtained from different animals or from the same animal in different days.
Histopathology and immunohistochemistry
Spleen and BM were isolated, fixed in 10% formalin for 72 h, decalcified and paraffin embedded. Sections were cut at 4μm thickness, placed on slides and processed for hematoxylin and eosin staining.
For immunohistochemistry, the slides were in xylene for dewaxing and then histological grade ethanol for rehydration, and in 1 × citrate unmasking solution for antigen retrieval. Endogenous peroxidases were blocked with 3% H 2 O 2 for 10 min. A protein block step was performed with 5% BSA for 2 h. Tissues were incubated overnight at 4˚C with primary rabbit anti cleaved-caspase 3 antibody and with a polink-2 plus polymer HRP detection system according to the manufacturer's instructions.
Statistical analysis
The statistical analyses were performed using GraphPad Prism 6 software. Student's t test and ANOVA were used to compare the difference in values between groups. Survival was analyzed with Kaplan-Meier curves, and significance estimated with a log-rank test. P＜0.05 was considered as significant difference.
Results
CLL cells with COP1 overexpression are less sensitive to fludarabine and presented decreased cell apoptosis ratio
To better understand the how the high level of COP1 in CLL patients influences CLL cell survival and apoptosis, we first treated primary mononuclear cells from 3 pairs of CLL patients with fludarabine. We found that primary CLL cells with high expression of COP1 showed significantly low sensitivity to the drug at 8 h (*p=0.032) compared with cells with low COP1 expressed (Fig. 1A) . Of note, high expression of COP1 presented delayed enrichment of p53 protein in CLL primary cells which were treated with fludarabine for 4 h (Fig. 1B) . Next, we constructed HG3 cell line with lentiviruses expressing either GFP alone or GFP and COP1, treated these cells with increasing doses of fludarabine, and measured cell viability at 72 h. We found that COP1 overexpression reduced HG3 sensitivity to fludarabine (Fig. 1C) with IC50 values of 4.8 μM for HG3-COP1 and 2.7 μM for HG3-GFP cells. Moreover, COP1 overexpression decreased the extent of apoptosis of HG3 cells: when the same dose of fludarabine treatment was administered, the HG3-COP1 cell apoptosis rate were 7.8% and 8.2% versus 11.8% and 16.5% for the HG3-GFP cells at 6 h and 12 h, as determined by 
COP1 overexpression inhibits p53 expression induced by fludarabine and promotes
ubiquitin-mediated p53 degradation in HG3 cells
To explain how COP1 increases HG3 resistance to fludarabine, we assayed changes of p53 level, a substrate of COP1 E3 ligase, in COS7 and HG3 cells treated with fludarabine. We found that p53 levels were significantly increased in COS7 cells after fludarabine treatment without exogenous COP1, whereas p53 was inhibited in COP1 overexpressing cells (Fig. 2A) . To determine whether COP1 overexpression promoted ubiquitin-mediated p53 degradation, we treated COS7 cells with fludarabine and the proteasome inhibitor MG-132 to allow accumulation of ubiquitinated substrates. Transfection of COP1 led to a strong accumulation of ubiquitin products of p53 when compared to control cells (Fig. 2B) .
We also examined the ubiquitin products of p53 in HG3 cells with or without COP1 overexpression. Treatment of HG3-GFP and HG3-COP1 cells with both MG-132 and fludarabine revealed that HG3-COP1 cells have strong accumulation of ubiquitinated p53 at 6 h and 12 h compared to HG3-GFP cells (Fig. 2C) . These data suggest that COP1 increased ubiquitinated p53 level and accelerated ubiquitin-mediated p53 degradation in HG3 cells. 
COP1 overexpression disrupts the p53-Brn-3a complex
In order to analyze how COP1 overexpression influences Bcl-2 and cleaved-caspase 3 expression through p53, we focused on the formation of p53-Brn-3a complex because it can regulate Bcl-2 promoter. In parental COS7 and HG3 cells, there is an interaction between p53 and Brn-3a, and this interaction was increased by exogenous Brn-3a transduction in COS7 cells. A similar increase of the interaction through p53 upregulation was observed in HG3 cells treated with fludarabine ( Fig. 3A and B) . However, the p53-Brn-3a interaction was disrupted in COP1 overexpressing COS7 cells in the presence of fludarabine compared to control COS7 cells transduced with empty vector (Fig. 3C) . A similar diminution of the p53-Brn-3a interaction was observed in COP1 overexpressing HG3 cells in the presence of fludarabine compared to H3G-GFP control cells (Fig. 3D) 
COP1 overexpression enhanced the activation of the Bcl-2 promoter regulated by p53-Brn3a complex
The balance of p53 and Brn-3a in the free and complexed forms is important for Bcl-2 transcription [17, 24] . To monitor the transcriptional regulation by these factors in the presence of COP1, we cloned the P2 promoter of Bcl-2 into a PGL3-Basic plasmid. Luciferase is expressed from this plasmid when the P2 promoter is activated with a baseline Bcl-2 luciferase activity of 12.3% (Fig. 4A) . The fludarabine treated group showed a lower activity (2.1%, ***P＜0.001) because p53 accumulation inhibits Bcl-2 transcription. When Brn-3a was overexpressed in absence of fludarabine, luciferase activity was significantly increased (28.5%, (***P＜0.001)), indicating transcriptional activation. Conversely, Brn-3a overexpression in presence of fludarabine treatment caused a reduction of luciferase activity near baseline levels (9%, ***P＜0.001) due to increased interaction between p53 and Brn3a.
Whereas fludarabine treatment alone resulted in p53 accumulation and low Bcl-2 transcriptional activity (2.1%), COP1 overexpression alone in presence of fludarabine increased Bcl-2 transcriptional activity to 9.2%, (***P＜0.001) due to p53 degradation. Coexpression of COP1 and Brn-3a caused a marked decrease of p53 which further enhanced Bcl-2 transcriptional activity (13.1%, ***P＜0.001) due to high levels of Brn-3a. The Bcl-2 transcriptional activity from co-expression of COP1 and Brn-3a was higher than COP1 or Brn3a alone overexpression (*P＜0.05). Together these results showed that COP1 regulates Bcl-2 promoter activity by directly controlling the level of p53, and also disrupts the interaction between p53 and Brn-3a in the process of fludarabine-induced apoptosis (Fig. 4B) .
The HG3-COP1 cell line transplant mice were low sensitivity to the F+C therapy
To investigate whether COP1 overexpression confers resistance to chemotherapy in vivo, we established CLL xenograft mouse model by injecting 1×10 5 HG3-m-GFP or HG3-m-COP1 cells co-expressing GFP, mCherry and luciferase into mice. Two-weeks after injection, we observed successful tumor cell engraftment by in vivo imaging (Fig. 5A) . After confirming tumor engraftment, we treated mice with fludarabine in combination with cyclophosphamide daily for two weeks. After one week of therapy (day 21 after CLL cell inoculation), HG3-m-COP1 recipient mice showed very strong photon density by in vivo imaging (Fig. 5A) . After two weeks of therapy (day 28 after CLL cell inoculation), all mice in the HG3-m-COP1 group died while one mouse from the HG3-m-GFP was still alive with a low photon density (Fig. 5A  and B ). Platelet and RBC counts decreased in the HG3-m-COP1 mice before they died (data not shown). Taken together, HG3-m-COP1 engrafted mice showed a shorter survival and decreased body weight when compared with HG3-m-GFP transplanted mice (***P＜0.001) (Fig. 5C and D) . Moreover, HG3-m-COP1 mice showed an increase in spleen weight with a mean value of 0.68g versus a mean value of 0.47g in HG3-m-GFP control mice (*P＜0.05) (Fig. 5E and F) .
COP1 overexpression promoted HG3 cells engraftment in spleen and BM
Histology of HG3-m-COP1 transplant mice revealed abnormal spleen and BM structure. Abundant clusters of small, intensely stained B lymphoid cells were seen in spleen and BM of HG3-m-COP1 mice when compared with HG3-m-GFP mice (Fig. 6A) . Tumor cell burden of HG3-m-COP1 mice in the spleen was 280 clusters per section, significantly higher then HG3-m-GFP mice with 120 CLL clusters (**P＜0.01). Similarly, more CLL clusters were observed in BM in HG3-m-COP1 mice (Fig. 6B) . Also, the total cells were isolated from spleen and BM after red cell lysis, the occupation of CLL cells was detected by flow cytometry. As the figure  7C showed that the CLL cells percentage was ~55% and ~22% in spleen or BM in HG3-m-COP1 mice compared with ~46% and ~18% in HG3-m-GFP mice.
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HG3-m-COP1 transplant mice showed low cell apoptosis rate when received F+C therapy
To explain why the luciferase density was reduced in HG3-m-GFP transplant mice but not in HG3-m-COP1 mice after F+C therapy, we stained sections of the spleen and BM with cleaved-caspase 3 antibody to detect cell apoptosis. As expected, most of the CLL cells were negative staining for cleaved-caspase 3 in HG3-m-COP1 transplanted mice compared to HG3-m-GFP mice (*P＜0.05) (Fig. 7A and B) . Moreover, The FACS results also showed that CLL cells with high COP1 expression presented low cell apoptosis ratio about 12% and 9.5% in spleen or BM, which is significantly lower than control CLL cells with 24% and 17.5% of apoptosis ratio in spleen or BM (7C). These data suggest that COP1 overexpression confers apoptosis resistance in vivo under a fludarabine treatment regimen. 
Discussion
CLL is the most common human leukemia, representing 30% of all cases [25] . Despite CLL progression being slow and having a relatively long survival time, some patients have no obvious clinical presentation, the other part of patients presents lymphadenopathy, splenomegaly and anemia, and requiring treatment [26] . So far, the combination of chemotherapy with monoclonal antibodies has further improved response rates, while most of them have drug resistance [27] . Since the first-generation bruton's tyrosine kinase (BTK) inhibitor ibrutinib applies in CLL treatment, which effectively relieved resistant patients to the chemotherapy, but there is small portion of patients also show resistant because of BTK mutation at binding site of ibtutinib [28] , while the second-generation is in clinical testing [29] . Thus, understanding of resistant mechanisms is important to design new target drug. In our previous study, we found that COP1 is up regulated in Binet C-phase CLL patients [8] . Here, we further showed COP1 may be an important factor to confer to drug resistance.
COP1, a E3 ubiquitin ligase, regulates ubiquitin-mediated degradation of proteins with opposing functions, including the tumor suppressor p53 and the oncoprotein c-Jun, thus creating a conundrum with respect to its role in cell proliferation and apoptosis [30] . We first found that COP1 overexpression in HG3 cells inhibited p53 accumulation induced by fludarabine. However, we didn't detect c-Jun expression. In subsequent ubiquitination experiments, we verified that COP1 was directly interacting with p53 and promoted ubitquitin dependent p53 degradation in HG3 cells.
In our previous study, we also demonstrated that COP1 overexpression inhibited p21 expression and increased HG3 cells proliferation and tumorigenicity [8] . Here, the downregulation of p53 by COP1 overexpression in HG3 cells disrupted the p53-Brn-3a complex. As reported, there is a common binding site for both p53 and Brn-3a located in the Bcl-2 promoter. Brn-3a binding alone will promote Bcl-2 transcription, but once it complexes with p53, it binds less well and causes reduced Bcl-2 transcription [17] . We further present evidence that apoptosis resistance of HG3 cells in presence of fludarabine is caused by COP1-mediated disruption of the p53-Brn-3a complex, leading to a sustained expression of the anti-apoptotic protein Bcl-2. Animal models, in particular tumor cell transplant models and knockout mice, are an invaluable tool in CLL research [31] [32] [33] [34] . Thus, we explored the ability of NPG mice, which lack B, T, and NK cells, to support the growth of the HG3 CLL cell line. We generated HG3-m-GFP and HG3-m-COP1 transplant mice 2 weeks after injection of the two cell lines. Interestingly, the two-week F+C therapy improved survival of HG3-m-GFP transplanted mice, and reduced the tumor cells engraftment in spleen; this was not seen in HG3-m-COP1 engrafted mice. This was consistent with treatment of subcutaneous MEC-1 CLL cell line xenograft mice with F+C therapy, which reduced the tumor growth and extended mice survival. Regrettably, we didn't observe long survival in all of HG3-m-GFP mice, perhaps because of the aggressiveness of the tumor or low effective F+C therapy. In this study, we concluded that the reduced effect of F+C therapy in HG3-m-COP1 mice is due to increased resistance to apoptosis of HG3 cells overexpressing COP1.
We also constructed HG3-m-GFP and HG3-m-shCOP1 transplanted mice to assess if loss of COP1 would delay the disease or extend mice survival. However, we failed to observe any difference in spleen weight (data not show), tumor cell engraftment or survival time (data not shown). This may be because p53 is not the only substrate for COP1 and other E3 ubiquitin ligases like MDM2 might play a compensatory role, but we didn't detect the MDM2 level in CLL patients or cell lines [35, 36] .
Conclusion
In summary, COP1 maintains a normal cell survival and apoptosis by regulating the p53-Brn-3a-Bcl-2 signaling axis in normal cells, while COP1 overexpression disrupted the formation of p53-Brn-3a complex and promoted ubiquitin-mediated p53 degradation in HG3 cells, and increased apoptosis resistance of HG3 under fludarabine treatment. Moreover, COP1 overexpressing HG3 transplant mice showed a shorter survival even when F+C therapy was administered. This study demonstrates that COP1 contributes to drug resistance of CLL cells to the fludarabine treatment in vitro and in vivo.
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